Manufacturing technique which can be used to fabricate complex structures from alloys such as Ti6Al4V, for example for orthopaedic applications. Here we describe the use of EBM for the fabrication of a novel Ti6Al4V structure of a regular diamond lattice incorporating graded porosity, achieved via changes in the strut cross section thickness. Scanning Electron Microscopy and micro computed tomography analysis confirmed that generally EBM reproduced the CAD design of the lattice well, although at smaller strut sizes the fabricated lattice produced thicker struts than the model. Mechanical characterisation of the lattice in uniaxial compression showed that its behaviour under compression along the direction of gradation can be predicted to good accuracy with a simple rule of mixtures approach, knowing the properties and the behaviour of its constituent layers.
Introduction
Porous metals in various forms, including foams and lattices, have been investigated for many years for a wide range of applications [1] [2] [3] . These range from lightweight structures to functional applications such as heat exchangers or electrodes.
For more than 25 years, porous metals in various forms have also successfully been applied in orthopaedics, where both structural (load support) and functional (biocompatible) properties are crucial to long term success. There has been significant progress in understanding the structure-property relationships of porous metals with a stochastic structure [4] [5] [6] and regular lattices [7] , and how changes to this structure, beyond what can normally be controlled during processing, affect the behaviour (e.g., by the addition of a coating [8, 9] ). This has become more complex because of the wide variety of processing methods used to create these materials which give many subtle, but important, differences between structures. Until recently, the processing methods used allowed limited investigation of more complex controlled structures, but with advances in processing technology this is improving.
Electron Beam Melting (EBM) is a type of additive manufacturing which has recently attracted much attention for its potential to produce highly regular metallic lattices [10, 11] . Over the last few years several types of uniform lattices have been built using EBM and similar techniques. Heinl et al. and Murr et al. suggested the use of porous metal lattices for orthopaedic applications and more recently several groups showed in vitro cell culture and in vivo implantation data for different lattices [12] [13] [14] [15] . However, the great versatility of the process leaves many potential designs unexplored.
In this study, we describe the fabrication and the structural and mechanical analysis of a lattice with a graded architecture produced by EBM. We envisage that, among other applications, such a lattice could have a role in orthopaedic implants, where the higher stiffness core will be load bearing, while the more porous outer layers reduce the overall implant stiffness and would allow extensive bone ingrowth. A smooth gradation in structure between the core and periphery avoids a sharp interface where high stresses can have a negative effect on tissue ingrowth and mineralisation. This could lead to the formation of a more stable bone-implant interface with a reduced risk of failure. To date, some investigations on the mechanical [16, 17] and thermal [18] properties of stochastic metal foams with structures graded in density or pore size have been reported, but the possibilities for lattices remain unexplored.
Experimental Methods

Fabrication
Four different lattices were designed in CAD to compare the mechanical properties of graded and uniform lattices. For orthopedic applications, the desirable pore size is small (the limit is approximately 300 microns [19] ), so lattices were constructed with unit cells of 2 mm side length, close to the smallest dimensions that could be processed with good shape definition in the machine. Due to the need for unmelted powder to be removed, it was found in practice that relatively few layers could be made before the structure could not be fully cleaned. The sizes produced were representative of possible use in implants as a graded transition layer, but it is important to note that the specimens created do not satisfy the normal requirement for tests to be representative of homogeneous bulk material of 6-10 cells in any direction (the homogeneous material assumption would in any case be violated for a graded structure) [20] . The variation in structure with location in the graded samples also means that the properties assessed are those of the structure, not of a bulk material.
Three uniform lattices with struts arranged in a diamond structure were made in 8 × 8 × 4 mm cuboids with unit cells of 2 mm side length where the only variable was the strut thickness, 200, 500, and 800 µm for the three lattices respectively. Three samples of a graded lattice were made with an overall size of 10 × 10 × 6 mm, also with a 2 mm unit cell size, consisting of three layers of unit cells in the z-direction. The strut thickness of each of these layers corresponded to the sizes of the three uniform lattices, with strut thickness increasing in each of the layers in the vertical direction. All lattices were designed using netfabb software (netfabb GmbH, Parsberg, Germany). Samples of each design were built on an EBM-S12 (Arcam AB, Mölndal, Sweden); the parameters of the fabrication process have been described in detail by Al-Bermani et al. [21] . In brief, structures were built from spherical particles of pre-alloyed Ti6Al4V with a diameter of 45-100 µm. The building platform was preheated to 1013 K and the lattices were built at 913 K using a speed of 200 mm/s, a beam power of 102 W, and a layer thickness of 70 µm. After building, the unmelted titanium powder was removed using a powder recycling system. The structures were cleaned in acetone for further analysis.
Structural Characterisation
In order to assess the inner structure of the lattices, samples of all types were examined using Scanning Electron Microscopy (SEM) to confirm the overall shape and surface form, and to measure the strut sizes and spacing. For a more detailed examination of the structure of the graded lattice, a micro Computed Tomography (micro-CT) scan was undertaken. An example of a graded lattice was cleaned and scanned using a Skyscan 1172 micro CT scanner (Bruker microCT, Kontich, Belgium) over an angle of 360° with one image taken every 0.7° on a camera of 2000 × 1000 pixels; the pixel size was 8.9 µm and the resolution was 25 µm. The images were taken at a voltage of 100 kV and a CuAl filter was used to improve beam quality.
Mechanical Characterisation
All samples were placed in a Hounsfield mechanical testing apparatus with, for the graded samples, the least dense layer facing upwards, and compressed at a speed of 0.25 mm/min to around 50% of the original size. The curves were corrected for the compliance of the equipment, and converted to stress-strain curves, based on the original lattice dimensions. The resulting curves were used to determine the Young's modulus (defined as Δσ/Δε in the first linear region of the σ-ε curve) and the 0.2% offset yield strength (defined as the stress at which the measured strain is more than 0.2% higher than that which would be expected based on linear behaviour). Statistical analysis was performed using Student's t-tests for the strut thickness and ANOVA and Tukey-Kramer tests for the mechanical properties.
Results and Discussion
Structural Characteristics
Both SEM and micro CT images confirmed that the structures had a highly regular and interconnected porosity (Figure 1, Table 1 ). When the designed strut size (i.e., the diameter of the struts used in the input CAD model) was 800 µm there was no significant difference between the CAD model and the product, but for the smaller designed strut sizes (500 or 200 µm) those in the product were significantly higher than the CAD model (p < 0.05). This discrepancy occurs because when trying to build small features with sizes similar to the melted volume, the energy parameters of the beam (e.g., beam speed and beam current) become more important in determining the shape of the product than the original CAD file, and it was increasingly difficult to adjust these parameters in a way that reduced the strut size any further while retaining a good quality build (for example, absence of porosity). The average strut spacing of the three different layers is closely related to the thickness of the struts and measurements from SEM images showed a narrow distribution in all layers. These differences in strut thickness gave three different relative densities, varying from 21% at a model strut thickness of 200 µm to 43% at 800 µm.
Mechanical Behaviour
The graded and the uniform lattices were tested in uniaxial compression. The lattices behave in a highly reproducible way under compression, even after the initial failure, as shown by the example of the three traces for the repeat tests of graded lattices on the graph in Figure 2 (coloured lines) . Three near-linear regions can be clearly distinguished, all followed by a point of failure and a significant, but temporary, reduction in the stress required for further compression. Visual observations during the tests confirm that the three stress maxima correspond to the collapse of individual layers in the lattice, with the layer with the thinnest struts collapsing first. As expected there is an increase in Young's modulus of the uniform lattices with increasing strut thickness (Figure 3 ). Statistical analysis indicated that there is a significant difference (p < 0.05) between all the uniform lattices and also between the graded lattice and the 800 µm uniform lattice.
The 0.2% offset yield strength was determined and was significantly higher at higher strut thickness for the uniform lattices. The yield strengths of the three layers of the graded lattice were also assessed and found to be not significantly different than the corresponding uniform lattices.
Prediction of Graded Lattice Properties
Porous metal implants have been available for over 30 years and the architecture of the porous metal is constantly changing in order to improve the stability and therefore the longevity of implants. Additive layer manufacturing techniques, such as EBM, give the designer greater control over the architecture of porous metal than ever before. In this study EBM was used to produce simple graded metal lattices in a highly reproducible manner, leading to the reproducible behaviour seen in Figure 3 to the best of our knowledge this is the first time that a structure with a porous gradient has been produced using this technique. As the mechanical behaviour of the lattices is so consistent, we can attempt to predict the behaviour of a graded lattice from the properties of its constituents using a simple procedure to estimate the location of cardinal points on the stress-strain curve.
Elastic Behaviour
The Young's modulus of the graded lattice can be predicted by assuming it is a simple series composite of the uniform layers of equal thickness. The prediction does not address the properties of the individual layers themselves, rather uses these experimentally-determined values as input to predict the properties of a combination of the layers together. In the iso-stress case to which this loading configuration (normal to the layers) corresponds, the rule of mixtures (slab model) may be used, leading to:
where the subscripts 1-3 denote the different layers. Using the values that were measured for the three uniform lattices, the estimated E Graded was calculated as 2.28 GPa, compared to the measured average of 2.08 GPa. Although this estimate is only representative of the initial Young's modulus (as after crushing of the first layer the remaining composite is different), we have used it for all the elastic stages due to the difficulty in estimating the modulus of the partially crushed lattice.
Yield and Peak Loads
The next important value is the yield strength for the initial and subsequent peaks in stress. Observations confirmed that the lattice with thinnest struts always fails first; assuming that the bonding to the neighbouring layers does not significantly affect the yield strength, we would expect that the peaks would correspond to the initial yield strengths of the uniform lattices, which were 37, 89 and 160 MPa ( Table 1 ). The observation that there were no significant differences between the yield strength of the uniform lattice and the corresponding layer of the graded lattice confirms this assumption.
In the graded lattice stress peaks are associated with the collapse of sequential layers. The stress would not be expected to begin to build up again until the failed layer has reached densification (when the porosity is largely removed and the metal elements are placed in direct contact). As densification is observed to occur in the uniform lattices at 43% strain, this would also be the level expected within each layer. As there are three layers, the offset between peaks should therefore be a strain of 14%. The predicted behaviour based on these points is indicated by the black line in Figure 2 , and this shows very good agreement with the measured curves (at least in the details that were attempted to be predicted), indicating that this type of approach is an effective means to design a graded structure for a particular mechanical response.
Design of Graded Lattices
An example of where the type of design discussed here could be applied would be where a structure was required to undergo a small amount of deformation at low load, but then give a resistant structure with limited further deformation (this could, for example, be in the surgical introduction of an implant where some small amount of deformation aids conformation to the existing tissue, or for a protective application where deformation under small loads would protect against low energy impacts; in either case a rapid development of full properties would be required). In this situation a lattice could be constructed of a small number of layers of low density, combined with a larger number of layers where the density resulted in suitable properties. These results pertain to quasi-static conditions. If loading was to occur dynamically, such as under impact, then it may be that the first layer of cells would undergo deformation initially, even if this was not the lowest strength layer, as other layers would be supported by their inertia. In such circumstances there may be freedom to extend these design principles to produce lattices where the stress required for failure of further layers does not always increase, although in such a situation it is likely that the properties determined from tests on uniform lattices under representative conditions would be required.
Conclusions
EBM can be used to produce lattices with graded porosity. Mechanical properties of the different layers are reproducible (maximum standard deviation from tests on three samples of 16% for Young's modulus and 4% for yield strength) and it is possible to obtain a good estimate of the behaviour of a regular lattice graded across a series of layers when tested along the direction of grading by combining the properties of uniform lattices of the same design in series. Such a procedure could be very useful in designing lattice response tuned to specific mechanical requirements, such as for orthopaedic implants.
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